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SUMMARY

{ SA
This repbrt,is éubdivided into four pAper;[\'The first presents an overview
and survey of the work carried out. In the initial stages of the work
a broadly based survey of metathesis polymerization of fluorinated monomers
was conducted; +subsdguently more detailed studies of particular monomer
types were conducted. -In tﬁé”first’papér‘gll the monomers investigated
are reviewed along with other systems exam;;ed in related projects.
~The -sacond paper- is concernEd-wichig detailed study of the polymerization
of 2,3-bis(trifluoromethyl)bicyclo{2.2.1]hepta-2,5-diene, again relevant
results from related projects are included. a -
The third paper-iéiiééee%ﬂed‘éith-a detailed study of the polymerization
of 5-trifluoromethylbicyclo[2.2.1]hept-2-ene, and is exclusively the work

of this project.

The fourth paper is_cpncerasd with 2-trifluoromethylbicyclo(2.2.1)hepta-2,5-diene

as monomer.
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Preface

The work described in this report was funded in response to
a research proposal submitted to the European Research Office of
the U.S. Army in March 1982. The abstract of the proposal is
reproduced below.

"The aim of the proposed work is to prepare and
characterize a series of new stereoregular fluoro-
polymers. The synthetic method to be used is ring-opening
polymerization of fluorinated polycyclic monomers
using metathesis catalysts. Some work has been carried
out in the Durham laboratories which establishes both
the feasibility of the proposed syntheses and the
possibility that the new materials will have
technologically interesting properties.'

In the event the student funded by the contract, Miss Patrique Michelle Blackmore,
started work in Durham on the lst September 1983 after completing her
undergraduate studies in Newcastle University. The progress of the

work was monitored through submission of five semi-annual reports and

this final technical report supersedes and updates all previous

documents. Miss Blackmore has completed the studies required for

a Ph.D. degree and has, at the time of writing, almost completed

the preparation of her thesis which will probably be submitted and

examined in September/October 1986.

The work has been successful and provided much useful and
interesting data. All the work has now been written up and
submitted to Journals for publication, consequently this final
report has been revised and edited to incorporate the comments
and criticisms of external referees, and the author believes that
this process has substantially improved the clarity of the
record and the validity of the interpretations presented.

The work divides itself rationally into four papers. The
first, an overview, summarizes the total effort of this group
in this field. The second concentrates on the polymerization of
2,3-bis(trifluoromethyl)bicyclo(2.2.1)hept-2,5-diene and, while
the major part of this work was done on this contract,
contributions from other workers, namely Drs. J.H. Edwards,
A.B. Alimuniar and B. Wilson, are included so as to make the
story as complete as possible. The third paper was exclusively
the work of Miss Blackmore and presents a convincing case
for the successful preparation of stereoregular fluc-opolymers
via polymerization of S-trifluoromethylnorbornene. The fourth
and final paper describes work on 2-trifluoromethylbicyclo{2.2.1]-
hepta-2,5-diene, in this section a small contribution was made
by Mr. P.C. Taylor as part of his undergraduate training but again
the major part of the work is to the credit of Miss Blackmore.




The project has successfully established the feasibility of
the original proposal. It is now clear that stereoregular
fluoropolymers can be prepared via metathesis ring opening polymerization.
We hope to be able, at some time, to expand this new field by
preparing and polymerizing new fluorinated monomers and characterizing
the products. Also we hope to begin a programme of study of the
physical properties of these systems and to try to develop an
understanding of structure-property relationships in these systems.

Va
W.J. Feast
Durham University Chemistry Department
South Road
Durham, DH1 3LE.

August 1986
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SYNTHESIS OF NEW STEREQREGULAR FLUOROPOLYMERS

AN OVERVIEW
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Figure 1. An 1llustrative selection of the variasty of
flucrinated derivatives of bicyclol2.2.1]lhept-2-ene and

bicyclol2.2.tlhepta-2,5-diene which will undergo metathes:s

polymerization.
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PAPER 2

THE RING OPENING POLYMERIZATION OF 2,3-BIS(TRIFLUOROMETHYL)BICYCLO[2.2.]]HEPTA-

2,5-DIENE

Summary

The polymerization of
2.3-bis(trifluoromethylibicyclol2.2. .1 h20ta-2,5-drene througyh the
sjency of catalysts based on tungsten, nolybderum and ruthenium

CIMPOLINGS J1ves

20iy(2,5-(1,2-bisitriflunrometayldrycizzentanyl2nedvinylene)s witsn

saryinyg proporticnas of cis vinylene wnits. Analysis 2f the 1nfrared
3.

and high fie21d C-nar spectra of the differwnt palyners 12 Zonmsistent

#1th the hypothesis that catalysts baz2d on WClg girva 3 polymer with 2
50:53 random distribution of c1s and trans vinylenes, those based on
RuCly give predominantly trans vinylenes (ca.70%), and those based on
MoClg give a hijher trans vinylene sele2ctivity (ca.?30%) .

INTRODUCTION

The recognition, study and exploitation of the stereoregular
polymerization of alkenes 1s one of the more notable achievements of
polymer scxencef An ability to regulate the fine details of
microstructure extends the range of materials available from a
particular monomer, and frequently there are spectacular differences
\n properties between a stereoregular polymer and its atactac
analogue.

Despite their relatively high cost, a number of fluoropolymers
have shown sufficiently unusual properties to justify their
development and exploitation.

In the light of the two preceding observations i1t 1§ rather
surprising that the literature contains relatively few references to

stereoregular fluoropolymers2 and, to the best of our Lknowledge, no

a
examples of the genre are produced commercially.




30 the structura; types which ha

Stereoregular polymerization of viny! monomers is usually

achieved through the agency of Ziegler-Natta catalysts. A closely

related process 1s metathesis ring opening polymerization which, 1n
L favourable cases, can be shown to give totally stereoregular
L materlals.'ﬂ

We became 1nterested i1n the possibility of making stereoregular
fluoropolymers a few y?drs agofo and this paper 1s the first in a
series 1n which we will describe the results of ou: investigations
into the synthesis, structure and properties of such materials. Ve
s choose as our starting point metathesis ring opening of polycyclic
fluorinated alkenes and related monomers. In our first publications 1n
this field we repcrted that partially fluorinated
bicyclol2.2.1lheptenes and -heptadienes may be polymerized by ring
opening at the unsubstituted double bond with a range of catalysts
derived from WCIGP To e~tend these i1nitial observations to the
synthesis of stereoregular fluoropolymers required that appropriate
monomers, catalysts, and reactions conditions .were found, and that
unambiguous analytical criteri1a for polymer microstructures be
established. Thus, for the generalized structure 1 undergoing ring
opening at A to give polymer 2 (see Figure 1), complete definition of
the microstructure of 2 requires: the distribution and sequence of cis
and trans vinylenes; 1f ring B i1s unsymmetrically substituted, the
distribution and sequence of head-to-head (HH), head-to-tail (HT), and
tail-to-tail (TT) assemblies; and the distribution and sequence of
meso (m) and racemic (r) dyads (the allylic carbons on either side of
the vinylene unit are chiral and may have oppos:it> chirality giving
meso- or m-dyads and 1sotactic polymer, or the same chirality giving
racemic- or r-dyads and syndiotactic polymer). The stereochemical
relationship of Rg toc the allyl-vinyl carbon-carborn bond also requires

definition 1n the case shown in Figure 1.
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Analys1s at this level has been completely establicted for a wide
range of methy! substituted norihornenes and reported 1n a series of
papers and a recent bookf‘ It 1s now clear that the detailed outcome
of this type of polymerization 1s a complicated function of the
structure and concentration of both the monomer and the catalyst, the
solvent, the temperature and even the sequence of mixing (see chapters
11,12 and 13 ref.11). For example, the polymerization of norbornene
with tungsten based catalysts leads to polymers with ci1s vinylene
contents varying from 95% to 39%. In order to simplaify the possible
outcomes we decided to looh first at the polymericat:on of
2,3-bisftrifluoromethylibicyclol2.2.1lhepta-2,5%-diene (3), since this
symmetrical monomer canrot give rise to HT,HH and TT effects and there
are no complications f{rom exo-/endo- 1somer:zation.

EXPERIMENTAL

General. Standard vacuum line, 1nert atmosphere and dry box techniques
were used 1n all operations i1nvolving solvents, catalysts,
cocatalysts, monomer and polymers. The i1nert gas was nitrogen, the
laboratory supply had <19ppm O3, the gas was dried through liquid
nitrogen cooled traps and circulated via glass or metal tubing,
flexible connections were of nylon tube.

Solvents. Toluene was dried over sodium 1n the presence of
benzophenone unti1l a permanent blue colour was obtained, and distilled
as required. Chlorobenzene was refluxed over FpO0g , distilled,
degyassed and stored under dry nitrogen.

Catalysts and cocatalysts.Wllg was prepared from W(y and

10
hexachloropropene, stored and manipulated as described prev.oucsly.

TaCly,., RuCl,, OsCl,.(CH,)bSn, MoClg, ReClgand (n-C,Hgq) Sn were used as
10

supplied. (CgHg),Sn was purified as described previously. Aluminium

alkyls were supplied by K.Wade(this Department). C‘HS(CH30>C=W(FO)Swas

prepared by the published rou(e}k
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Monomer .2,3-Bis(trifluoromethyl)bicyclol2.2.1lhepta-2,5%-diene 1 a
known compound; 1n a typical synthesis hexafluorobut-2-yne

(33.93,209mmoles), cyclopentadiene (13.8g,20@09mmoles) and hydroguincne
(0.95g) were sealed under vacuum in a Pyre» ampoule (ca. 158ml) and
left at room temperature for 24hrs. Previous reports advocated a
peri1od of heating; however, we observed that the reaction 1s
exothermic and the 1niti1al two phase mixture generally became
homogeneous overnight, on the rare occasions when we observed two
phases remaining after 24hrs. the ampoule was heated to ca. 100°C for
a further 24hrs. to ensure reaction. Monomer 3 was recovered by
fractional distillation (Vigreux column, 1®cm, ! Atmosphere, b.r.
120-122°Cras a colourless liguid (38.5g,169mmoles,80%), this synthesis
generally gave 3 1n ylelds between 78% and 99%, the product was almost
invariably contaminated with a trace of cyclopentadiene which was not
removed by careful fractional distillation. Cyclopentadiene is a
poison for some metathesis catalysts; however, we have found that when
3 1s stored over maleic anhydride and filtered through a fine glass
sinter prior to use, satisfactory “"polymerization grade™ material was
obtained in which no trace of cyclopentadiene could be detected by
high field '"H anda ‘I nmr or by gas chromatography. The '"H nor
spectrum of 3 recorded at 300.13MHz showed: an ABgdéa, 2.08;65 , 2.26;
h. ,6.95Hz with A limbs unresolved (FWHM ~5H:-) and B limbs as triplets

J=1.€4Hz(2H-7); a singlet § , 3.92 (FWHM:=€Hz) (H-1 and H-4:: and three

lines centred at & , €6.92 ppm wWrt i1nternal! TMS (J=1.95H:z) (H-% and
H-€) .
6 s
! [
~
C"a cfs

3
The proton decoupled C nmr spectrum recorded at 75.47MH:- showed
signals at 53.3 (C-7)>, 74.0 (C-1,C-4), 122.9 q (J=270Hz) CF3. 142 9

(C-5,C-6) and 149.4 m (C-2,C-3) ppm wrt internal TMS.
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Folymerizations. Polymerizations were carrled out using a two necked

round bottom flask as the reaction vessel. A teflon coated stirrer bar
was 1ncluded and the contents were stirred magnetically in the initial
stages of reaction and during dissolution of products. Generally both
Joints were fitted with three way teflon taps and connected to the
vacuum and dry nitrogen line; sometimes only one neck was connected to
the line, the other being closed with a rubber septum seal. All
flasks, syringes, sinte-s, etc. were oven dried and stored in a vacuum
dessicator prior to use. The monomer, solvents, catalyst solutions,

and cocatalysts were 1ntroduced i1nto the reaction vessel using

gas-tight syringes; either by inserting the syringe needle well! i1nto
the flask via the bore of the tap and against a counter current of
nitrogen, or through the septum seal. These experiments have been
conducted over a period of eight years and several sequences of
addition of the various components were 1nvestigated and various minor
modifications of technique were used; for the examples reported 1n
Table 1 these variables did not appear to have a2 major effect on the
outcome of the polymerizations, there was an element of wvariability in
the yields but product structures (see later) were not significantly
changed. In most cases the activated catalyst wacs prepared in a
separate flask and transfered to the reaction vessel using a syringe;
in the cases when there was no polymerization the efficacy of the
catalyst was cheched by 1njecting a sample of the same catalyst intc a
solution of norbornene, all the catalysts mentioned 1n this work were
effective 1n polymerizing norbtortnene by ring operiing. The
polymerizations were terminated by addition of methancol. The results
of a selection cof these experiments are recorded 1n Table 1. Most
samp.es of polymer were scluble (CHCl3 and/or (CH3'3C0) and were
puri1fied by reprecipitation i1nto methano! or pentane. The samples were
characterizrd by infrared and|3C nmr spectroscopy. These moterials
were obtained as white granular precipitates, they could be solvent
cast to give transparent films. They typically showed values of 7

between 0.3 and 1 d!.g ,for viscosities measured 1n MEK at 25°C.
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Table 1. Polymerizations of 2,3-bis(trifluoromethyl)bicyclol2.2.1)hept-
Expt. Catalyst? Cocatalyst|Molar Ratio Sol\'entb Tempegaturec Tine Yieldd
No Cat:Cocat:3| (ml) (°C) (hrs.)| %

1 WClb none 1:370 T, 10 RT 3 11

2 " v 1:200 c, 1.1 50 48 4

3 " (CgHg),Sn | 1:2:400 | T, 10 RT 0.5 | 70

4 " 1:2:150 " " 1 80

5 " " " ¢, 10 " 1 76

6 " (nC4H9)4Sn 1:2:60 T, 10 " 1 75

7 " (CH3) Sn " " " 1.5 | 20°%

8 WC1,/Na 0, (1C4H9)3A1 1:3:350 " " 3 77

9 " none 1:1:400 " " 10

10 C6H5(CH30)C:W(C0)S " 1:60 " " 43 0
1 " Ticl, 1:2:60 " " 18 30
12 " » " " 50 2 25
13 MoClS none 1:200 neat 80 48

14 " (C6H5)4Sn 1:2:60 T, 10 RT 18 75
15 " (CH3)2A101 " " " " 74

16 " (CH3)4Sn 1:2:70 c, 10 " 3 70f
17 " 1:2:200 c, 3 -20 48 20
18 " " " c, 1 50 2 mins| 25°°8
19 " " " c, t -20 48 28
20 RuCl3 none 1:200 CE, 0.5 50 36 21

21 " " " CE, 2 65 65 30
22 " (CH3)4Sn 1:2:200 CE, 1.5 40 2.5 1 74
a) We were unable to polymerize 3 with 05013, ReClS or ReCIS/(CH3)4sn although

the catalysts were active with norbornene.

b) T-toluene, C-chlorobenzene, CE-1:1(vol for vol) mixture of chlorobenzcne

and ethanol.

¢) RT-room temperature, roughly 1§ + 5°C. The polymerization was often

noticeably exothermic, no monitor of temperature was placed in the vessel.

d) After reprecipitation and drying under vacuum for at lcast 24 hrs.

¢) Polyrmerizatien qucenched at low cenversion to #id work up.

f) Insoluble.
g) Chain transfer agent, oct-4-ene, added to lim't molecular weight.
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RESULTSE AND DISCUSSION

General. The objective of this work was to investigate the effect
of catalyst and reaction conditions on the structure of the polymer;
however there are some points emerging from the data 1n Table | which
merit comment before we consider the details of chain microstructure.

It is clear from Experiments 1, 2, 13, and 28 that the single
component catalysts WCl,, MoClg, and RuCl3 all polymerize monomer 3;
but the Fischer carbene (Experiment 10), which 1nitiates the
polymerization of norbornene.'s was 1neffective for the room
temperature polymerization of 3 without an activator. Neither 05C13 or
ReClg polymerized 3 in any of several attempts with or without an
activator, this failure was not a consequence of the presence of
fluorine substituents 1n the monomer because related trifluorcomethyl
substi1tuted norbornenes can be polymerized by these catalysts (see
Part 111, this series). It may be that some potential catalysts can be
inhibited by 3, which may possibly act as a bidentate ligand.

At one point we were concerned that there might be chemical
reaction between our catalyst systems and the toluene used as solvent
in many of the polymerizat:ons, the components have Lewis Acid
character and toluene 1s susceptible to electrophilic attack. In all
our recent work we have used only chlorobenzene 1n order to avoid
considerations of this kind, however, experiments 4 and S which differ
only 1n the solvent used gave polymers which were virtually i1dentical
1in structure and amount; their infrared and ﬂC nmr spectra were
super imposable and there was no evidence for incorporation of benzy!
residues 1n the polymers. The results of experiments ! and 2 are
consistent with the hypothesis that toluene may play a role 1n the
generation of the active catalytic species when no activator is
present.

Molybdenum based catalysts showed a greater capacity than either

tungsten or ruthenjum systems to regulate the vinylene stereochemistry
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1n the polymerization of 3; consequently we made 3 more detailed study
of the polymerization of 3 initiated by MoClg/(CHz) Sn. This catalyst
rapidly polymerizes 3 at or above room temperature to a high molecular
weight material which dissolves only slowly, the 1ntroduction of
oct-4~ene as a chain transfer agent (experiment 18) allowed us to
obtain a more readily soluble sample for'sC nmr 1nvestigation. The
objective of experiment 17 (Table 1) was to increase the catalyst
selectivity by lowering the reaction temperature; the reagents were
mixed at ca.—SG.C, sealed under nitrogen,and maintained at -ZO'C.
although reaction occured under these conditions the product was
insoluble. When oct-4-ene was 1ncluded in this reaction (experiment
19) 1n an attempt to lower the product's molecular weight the only
effect was a decreased yield; possibly, at the lower temperature, the
oct-4-ene occupiles active catalyst sites with degenerative metathesis
rather than acting as a chain transfer agent. The products of these
low temperature polymerizations have proved insoluble 1n any of a wide
range of solvents, yet 1t seems unlikely that cross linking will be
prevalent 1n these reactions conducted at -20°C 1n the dark but not
occur 1n the same system at 59°C under normal laboratory lighting. It
15 possible that this insolubility 15 a consequence of the polymer
microstructure produced under the low temperature conditions,
unfortunately 1t also i1nhibits the investigation of microstructure by
C nmr.

Microstructure. The structure of polymers of this type can be

studied by i1nfrared and nmr spectroscopy, high field solution phase'ac
nmr has generally proved a particularly valuable analytical probe. The
general considerations i1nvolved were i1ndicated i1n the Introduct:on, 1n
the specific case of polymerization of 3 there are only four possible

assembly modes as 1ndicated in Figure 2.
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Possible assembly modes for

Figure 2.

e C-H bond

poly(3,5—(1,2—bxs(tr1fluoromethyl)-cyclopentylene)vxnylene);

21}20}0S! - SUDJ}

21}2D}0IPUAS - SUDJ}

O1}20}0IpUAS -SID

© C-H bond receding from the viewer.

21}20}0S! - SI12

approaching,
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In an earlier pubtlication we discussed the % nmr spectrum of a
sample of poly(3,%-(1,2-bisitrifluoromethyl)cyclopentenylenedvinylene)
produced as 1n experiment 3, and concluded that the polyme: had the
overall structure expected from ring opening polymerization at the
unsubstituted double bond and had a 54:4€ distribution of cis and
trans vinylenes respectively (6. =0.54). Since the proportion of ci1s
vinylenes (0¢ ) was 50 close to 8.5 there was some uncertainty
concerning the reliability of the assigned line orders for the signals
arising from vinyl, allyl, and methylene carbons. To a large extent
the assignments rested on analogies with earlier analyses of the
spectra of polynorbornenes and polymethylnorbornenes which had beern
worked out by [vin and co-workers. In this extension of the work we
have obtained polymers of 3 with a range of values of o and as a
consequence of this extra data are able to mahke assignments on a mcre
secure basis. The spectrum of a polymer of 3 produced using the
catalyst RuClyg/(CHy),Sn 1s shown in Figure 3, which also 1llustrates
the use of distortionless enhancement by polarization transfer (DEFT)
in confirming the assignment of peaksf‘
The lowest trace 1s the normal broad band decoupled spectrum, and 1s
similar to that published previously (Polymer XIl, Fig.! Ref.10b)
albeit with much 1mproved signal to noise and resolution: the middle
trace shows only those carbons carrying a single hydrogen; and the
upper trace shows carbons carrying a single hydrogen 1n the normal way
with those bearing two hydrogens inverted. Quaternary carbons do not
appear in these DEFT spectra and methy! carbons ‘had they been
present) would have appeared normally 1n the upper trace. The bands 1n
this spectrum appear to be fairly symmetrical but also fairly broad,

there 1s one interesting sign of fine structure 1n that the smaller of

the two vinylic carbon signals appears to be split into a doublet. If
the vinylic, allylic, and methylene signals are assigned as shown 1n
Figure 3, the computed wvalues of o , 8.36, 9.36,and 0.34

respectively, are i1nternally consistent. In this assignment the line
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order for the allylic and methylene signals parallels that found in
polynorbornene and polymethy! norbornenes although the line order for
the vinylic carbons, with C-4(c) about 1.5ppm upfield of C-4(t), 1s
the reverse of that found i1n polynorbornene and 1ts derivatives. In
the spectra of polymers formed by ring opening of monocyclic and
bicyclic alkenes the signals from the allylic carbons adjacent to cis
vinylenes are always found ca.Sppm upfield from those due to carbons
adjacent to trans vinylenes; the separation of cis and trans vinylene
carbon resonances 1s smaller, ca. 8.4 to !.%ppr, and the observed line
crder 1s variable, for erample 1n polynorbcornene trans vinylerne
carbons are found upfield with respect to their ci1s counterparts
whereas 1n poly(l-pentenylene) the relative line order 1s reversed.
Thue the assignments shown in Figure 3 are internally consistent and
1in agreement with rezsults reported previously. Figure 4 records the
spectra of polymers prepared from 3 using the catalyst systems MoClg
/(C‘Hs)“Sn [4a) and WCI‘/(C‘HS)~Sn [4b) at room temperature, the

resoiution 1n these spectra 1s somewhat better than that i1n Figure 3.

we have obtained high field 3

C nmr spectra on a variety of samples of
poly(3,5-(1,2-bi1s-(tryfluoromethyl)cyclopentenylenelvinylene) from
three different spectroscopy laboratories with good agreement 1in
observed chemical shifts and with spectral resolution somewhat better
than that reported in our earlier work. Spectrum 4b displays the best
resolution and the highest number of resolved signals with lines at;
138.3 (q,J»2%Hz,C-5); 131.8 & 131.1 (C-4t); 130.5 & 138.3 (C-4c);
120.4 (q,J:=270Hz C-6); 48.2 (C-2t); 43.1 & sh at 43.2 (C-2c); 36.9
(C-3cc); 36.4 & 3€.1 (C-3ct=C-3tc); 35.5 & 35.2 (C-3tt) for a
spectrum recorded at 9C€.56MHz 1n (CD3)3 CO solution with TMS as
internal reference. The multiplicities observed for vinyl, allyl and
methylene signals must be a consequence of small differences in the
environments of the particular nucle:. Thus, the four signals observed
for the vinyl carbons could be due to cis and trans double bonds in

meso and racemic dyads, or to ci1s and trans vinylic carbons with next
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nearest ci1s or trans neighbours; however, from this data i1t 1s not
possible to decide whether these differences are a result of m/r-dyad
effects or a consequence of vinylene sequence effects.
In Table 2 1llustrative values of O¢ computed from the vinylic,

allylic, and methylene carbor. signale for eight samples are reccrded

Table 2. Fraction of cis vinylenes (oc) for samples of poly(3,5-(1,2-

bis(trifluoromethyl)jcyclopentenylene)vinylene)

Expt. Catalyst o,
No.
From From From Average
vinylene [ allylic { methylene
carbon carbon carbon
signals | signals | signals
2 )
4 hulb/(bbﬂs)dsn 0.47 0.48 0.44 Q.46
i /
7 hClé/(CH3)4Sn 0.47 0.47 0.45 Q.46
IC-W /Ti . . 0. 0.51
12 C6H5KH3O'C h(CO)S,hCl4 0.54 0.51 49 5
/ -
14 MoClS/(C6H5)4Sn 0.15 0.12 0.13 0.13
15 MoClS/(CH3)2A1Cl 0.12 0.10 0.09 Q.10
16 MoClS/(CHS)ASn 0.15 0.15 0.10 0.13
20 RuCl3 0.29 0.29 0.26 0.2%
22 RuCIJ/(CH3)45n 0.36 0.36 0.34 0.35

It can be seen that catalysts based on tungsten gave polymers with
values of ¢~ 0.5 irrespective of the cocatalyst or solvent, those
based on molybdenum gave polymers with @¢~@.1, and the ruthenium
catalysts gave products with @~ 0.3. The tungsten derived catalysts
also gave the most complex'3C nmr spectra, the multiplicity of signals
being consistent with a more or less random assembly of the various
possible sub-units; such a result being reasonable for the reaction of
an active non-discriminating catalyst with a readily polymerized
monomer . Ruthenium catalysts generally give polymers with a high trans
content, the results reported here are consistent with this trend.
Molybdenum based catalysts have been reported to give polymers of
norbornene varying from high-ci1s to high-trans vinylene content so the

result reported here 1s unremarkable. It 5 clear from the above data
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that the most structurally regular polymer produced i1n this work 18
that derived from molybdenum based catalysts, 1t 1s also clear that
the structural assignment rests heavily on analogy with earlier
analyses of related systems. We have attempted to put the assignments
on a firmer basis by studying the polymer structure as a function of
polymerization temperature, and by careful analys:is of the i1nfrared
spectra of polymers with differing cis/trans vinylene contents.

Monomer 3 was polymerized with MoCls/(CH3)#Sn in chlorobenzene at
temperatures i1n the range 20°C to 108°C. As far as possible all
experimental variables except the temperature were hept constant, the
reaction vessel was submerged 1n a constant temperature bath and the
polymeri1zation temperature was measured 1n the chlorobenzene solution.
However, because of the small scale of the experiments, the
exothermicity of the reaction, and the difficulty of efficiently
stirring a mixture whose viscosity changed rapidly dur:ing the
reaction, 1t proved difficult to regulate the polymerization
temperature with any real precision. Figure 5 1s a graph of %-trans
vinylene content as a function of polymerizat.on temperature for the
polymers produced i1n the experiments described above. The straight
line drawn through the points represents a least squares fit to the
data points, while 1t serves as a "guide to the eye” there 1s no

theoretical gustification for assuming a linear relationship.

It 15 clear that the effect of temperature 1s not particularly marled
in this system 1n the temperature range i1nvestigated. There is a
slight trend towards an increase 1n trans content with i1ncreasing
temperature, which 1s consistent with reasonable expectation and

marginally 1ncreases confidence i1n the earlier assignments. Lowering

the reaction temperature 1ncreases the cis vinylene content of the
polymer; at polymerization temperatures only a little below room
temperature the polymer becomes insoluble (see Table ! and earlier
discussion) 1f the trend followed in Figure S 1s continued the onset
of insolubility must occur at a fairly low cis content, a convincing

rationalization of this observation is not 1immediately obvious.
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We have carefully compared the infrared spectra cf thin filme of
polymers from experiments 7 and 16 (Tables 1| & 2). There are three
regions of the spectra from which 1mformation concerning cis/trans
vinylene content might be expected to be deduced; namely, the C-H
stretching region above 300@cm” where the trans absorption occurs at
a higher frequency than the ci1s, the >C:C< stretching reg.on around
1660cm™" , and the C-H cut of plane bending region around 965em ™'

\7

-t
(trans) and 700cm (cis). The spectra were recorded using a Nicciet

E0EX Interferometer and are reproduced i1n Figure €, 7 and 8.

Figure & sheows the C-H stretching region, 1t 1s clear that in
molybdenum derived sample the band at 3043cm" (trancg) 1s more 1ntence
than that at 3022cm”™ <(c1s) which 1s in good agreement with the
assignment based on '3C nmr. Figure 7 shows the >C=C< stretching
region this 1s dom:inated by th. strong -(CF3)C:=C(CF3)- band at 1682cm”
, the shoulder at 166@cm” on the major peak 1s probably the -CH=CH-
stretching absorption and appears strongest in the molybdenum derived
polymer, it would be hazardous to attach much weight to this data
but,since this mode should be strongest for the cis vinylene, this
evidence tends to contradict the earlier assignment. Figure 8B shows

the region containing the vinylene C-H out of plane bending modes, as

1in the >C=C«< stretching region the picture 1s complicated since there

are clearly two overlapping bands in the trans (986 & 970cn”') and cis

(730 & 718cm”’) regions, it may be that in both cases both the bands
are out of plane bending modes for vinylenes in meso and racemlc
dyads, i1n which case the Mo derived polymer contains relatively more

trans vinylenes than the W derived product. If only one each of these

pairs of bands arises from C-H out of plane berding, assignment of the

bands at 978cm~'to trans and that at 738cm™ to cis units is also
consistent with the Mo derived polymer having a high trans vinylene
content. Thus, the overall! conclusion from an analys:is of the infrared
spectra 1s consistent with the assignments made on the basis of

Cnmr .
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ABSORBANLE

Figure f. C H Stretching regaon 1n the infrared spectia of polymers of

3 prepared using WClg/Me,Sn (W) and ZOO_m\ZmrnJ (Mo Y.
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polymers of 3 prepared using CO_a\ZmrmJ (W) and ZDﬁ_m\mem: (Mo) .

1040 980 320 860 800 740 680 620

WAVENUMBERS (cm-1)




- 38 -
Conclusions
2.3-Bls<tr1f1uoromethyl)bxcyclo(2.2.l)hepta‘Z,S-dxene 3 undergoes
rifig openiny polyn -ation at the unsubstituted double bond tc give

polymers in which the proportion of cis vinylenes depends on ‘he
catalyst used; tungsten based catalysts gave o~ ©.5, ruthenium
based catalysts gave o:~@.3, and molybdenur tased catalysts gave Oy~
0.1 at room temperature. It was not possible on the basis of data
avallable to decide whether the simplicity of Lhe"C nmr spectra of
polymers with a high trans vinylene content was a consequence of
sterecregularity or simply the vinylene sequence effect.
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PAPER 3

THE RING OPENING POLYMERIZATION OF ENDO- AND EXO-5-TRIFLUOROMETHYLBICYCLO-

(2.2.1]HEPT-2-ENE

Summary

. 13.
An analysis of their high field "0 ame spectra leads to the conclu-ions that:

the ring cpeninz polymerizations of exo-35-triflucromethylbicyclolZ.2. 1 hepr-

e

2-ene with 0sC1, and of the endo-isomer with O-C1l. and HoClS/HCJSn Catalvats
> 3
a1l give atactic polymers with a high trans vinvlene content: wherezs the

polyrerization of the endo-iscmer with RoCl. egives a polymer with w27 ¢is
>

vinylepes which are probably assembled in a stereoregular manner.

INTRODUCTION

The background and objectives of this study were set out in the
first paper of the series.l A significant part of the present understanding
of stereoreculation in metathesis ring opening polyvmerization was obraindd

. S I
Trom detailed srudies of the UC nmr spectra of polyvmers of metin

k]
norbernenes.”  S-Traflucromennyvinerbornencs are readily accea=ible and in th

A .y £ . R PN BN -
i Conrmr ospectra of some o their voli-re

MaTT O CH DY S catalvsr s,
: N A

3 ) R

The Tl AL Per pee o bovneen cyvotopers ndiene ond S0 -t basropremenc
LoTher

sove LDV as a wsnture of one and er o daeters s the moogor prodas to

with small amonnta of drene dimer and polvadducts.  The 1l adducts were casily

N CFQ\‘,}{'CHq —_— ﬁ ‘ \,P3
C¥

3
1 endo 1 exo

recovered by distillation.




10, . . . . .
The Fonomor. spectrum of the mixture of isomers of 1 consists of two
. 3 3
~1enals at 65.0 ppm (doublet \% Fe 15 Hz) and at 66.1 ppm (Joudblet JH F 15 Hzo
[<hifts are upfield from CFC1, as external reference] assigned to the exo
3
and endo isemers respectively.  This assignment follows that given by Gaede and
. . . . 1
Balthazer which was based on a detailed analysis of the hich resolution 'H and
19 4 . . 19 )
b spectra. However, in previous analyses of the F spectra of fluorinated
. . . . 3,6
monomers in this group we have used the generalisations of Stene,”’ whe
asserted that fluorine atoms or trifluoremethyl groups in exeo positiens in
norbornene derivatives occur at lower field than those in endo positions. e
found Gaede and Balthazor's analysis of this particular system more convincineg
and accordinzly reversed cur earlier assignments. We have performed the
cycloaddition under various conditions (Table 1), and found that the

19

proportion of the isomer corresponding to the 'F resonance at 65.0 ppm incredascs
relative to that giving the signal at 66.1 ppm both with increasinz reaotion
duration and operating temperature. Generally in Diels Alder rcactions the
ende adduct is produced under conditions of kinetic control whereas the
exne adduct 1~ favoured at equilibrium: this observation is therefore
. . 19,
consistent with the assignment of the 1somer displaving a F
resonance at 6.0 ppm to the exo form. and the sienal at oo.1 ppm to the ende

form. While the current picture is self consistent a chemical proof remdins

desirable, since fluorine substitutien often results in anomalous chemistry.

. (V]
Table 1@ Variation in thv_ﬁg}u}]x» Volue of the ! ' Nomor, Intevrations

for Monomer (T} as o Function of Beoction Conditions

Temperature. Reaction time,’ IQF N.m.r. Integration Yield '~
°c days 65.0 ppm 66.1 ppm z
20 3 10.6 100 3
160 3 37.0 100 72
200 7 55.5 100 75
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Separaticn of the exo and endo 1scrers by fractional distillation was
attempted using a Fischer Spaltrohr system 0200/01 concentric tube column
(W0 plates and very low hold up): however, although there was an enrichment,
total separation of isomers was not achieved. It was found that the iscomers
could be separated by preparative scale gas chromatography (107 DXP on celite @
100°C).
Polvmerizations

Techniques, solvents and reagents were as previously describpd.l The

results of polymerizations of I are summarized in Table 2. The product polymers

a

Table 2: Polymerization of S-trifluorcmethylbicycle(2.2.1]hept-2-ene

— - . N
Expt.| Monomer| Catalyst) Cocatalyst Molar Ratio Psolvent Temp.} Time Yield
3. . P

! cat:cocat:monomer| {om™) {°Ch [ (hrs.) :

e ] |

i A Fxo 0sCl None 1:200 Ch. 0.3 J0 12 -

3

i B Endo 0sC1 ., None 1200 cl, 0.2 40 3 20

, S

| C Fnlo MoCl . Me Sn 1200 c, 0.2 PT 2 min~; 05

| 5 4

! b Fndo ReCl . Nene 1:200 ch, 0.25 30 2 10

j b}

. _———— —
a1 o - chlorebenzene, CE - 1:1 mixture (vol. for vol.) of ethancl and (hlorobenzene
. - -0
t) RT - room temperature, vouehly 15 « S5°C.
were all o <olnble wand were purtfred by successive popre Loctarron froem cetone
mre methanol, and dried unier vacoun for 23 hese They cave viacans solant s

1n acetone fram which transparent Films wore it for aotrred ~pecriasiapn

examination, See Figure 1. The clemeatal anilyais recleo s for e |

examined are recorded in Table 3.

Table 3 Elemertal Analyses

Polymer \Hdl)\:\ o |
. !
C L H b :
Found A 9.7 . T 1- I
B 0.1 3.2

< 349 5.3 v

D 5%.4 5.0 ~ B -

LCalculated A, B, C. D 9.3 3.0 R

- - - A e e -
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1600 1600 1200 1000 800 600 400
Woverumber {cm-t)

Irfrared ~pectra of thin films of polymers A, B, C and D (Table 2).
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RUSULTS AND DISCUSSION

Of the polymers obtained so far from 5-triflucromethylbicyclol2.2.11hept-
Y e 1 e . M1 1 1 ~ 1
2-enes, that given by osmium catalysed polymerization of the exo isomer gave the

simplest spectrum which is considered first. The spectrum and assignments are

shown 1n Figure 2, and chemical shifts are recorded in Table 1.

Table 4. ]30 N.m.r. shifts of polymers of 5-triflucromethylbicvclol2.2.1)hept-2-ene

Shift ppm . ‘
( iAsniznmvnr!
i Endo. 0s01, ! Endo. MoCl, | Ende. ReClg . Exo, 0sC1, ; |
| (O s | i i
[ ‘ T ~t !
bo13g.01 L1330 | 131.20 coLot. TH O
i i .
an - | ‘ - - el ~ i
133.30 | 133.00 } 131,903 c2.¢c. TH |
133,13 ’ 133.03 200 TT
|
132.73 132.20 * 132.6% | 132.60 2.t TT
30.43 0.0 ; R C3. t. HH
130.4. 130.00 130,43 f 132,45 , 3
130.20 129,70 ‘ jCi. t. HH
b ~ ! ~ -
120.62 120,06 120,01 ,C3. c. HH
120,32 120,52 103, ¢. HT
| |
| 120.19 ‘ 125,66 120.17 131.86 C3. t. HT
l : < as -
io12%.5 () i 127.71 (q) 12%.2% () 120.00 (q) i CN
i1 Cndy M 1 ~ 5=0 Hz 1 e 4. 1 el
{ JC~F - 2%1 Hz ‘ JC-F &/ Hz JC—F - Hz JC—F; i/ H=z :
ioade (m) i oagb (m) 46.6 (m) 47.9 () UC_F' 254 Hz C35
l i N
! 3,38 - . 1.t
AR P43 43.37 43.04
, 43.30 ! 43.2% i, t
| 41.00 ; 41.75 ; 41,82 C7. ¢
% i i 41.47 V0T ¢
t
i[ ! 41.006 LCT.
I S Y | 41.53 42.14 Ce.t
i | 42.01 Cq. ¢t
|
40.21 ! 41.46 C7. t
| "
‘ 40.06 { 41.27 Gt
| 8
7.8 i 7.03 37.63 ]
¢ 37.36 ‘ Cl.4¢
l
37.05
34,00 33.77 34.00 ] 12.%9 Cob, ¢
376 33.43 33.42 I z2.%0 ch. ¢




igure 2.

JLA*_’,_MLJL.LV
OsCl; catalyst, exo isomer J
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Cs
130

C2Cs
trans NN
y

10

G

(b)

1
3C Nmr spectrum of polylexo-4-triflucromethyl-1,3-cyclopentylene-

vinvlene) prepared by 0sCl, initiation, recerded as a solution in
(CD.) CO at 90.56 MHz with TMS as internal reference.
a) The complete spectrum, b) DEPT spectrum showing CH normally and

gHz inverted and ¢) DEPT spectrum showing only CH carbons.
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The resonance Jdue to the carbon of the trifluoromethyl group
ix easily distinmuished as a quartet at 120.0 ppm (lJC—F 277 Hz). The remaining
forr wignals at low field are assigned to the vinyl carbons -2 and C-3,
corre~ponding to T, TT. HA and HT envirenments (T-Tatl, H-Head with H being
the CF. ond of rhe repeat unit),  These sizaals are approximately ogual in

2
fntensity whooh 1< consistent with an equal distribution of the HH, HT, TT and TH
a~senbly motes. If a, B, vy and § ~ub=tituent shifr offects for rhe CF} group are

cotaldered 1t can e Whown that the chemical shift diffecence between the TH and TT

wivnals (dl . 52 _ 01. L.e. 52) is the ~wme as the HH-HT splitting (v - 62 - Y, L.

6,0+ 61 substituent effocts are transsittad via songle bonds and 6, via

double bond-.

6.,y s,
6 ¢
11 Y6 s v S Y 8 _
) G
CF. CF
R halkc 3
Assembly mode TT HH TH HT
Carbon Number C-2 Cc-3 C-2 Cc-2
Substituent shift 8, Y o+ 62 61 + 62 Y

effect

The magnitude and sign of the substituent shift effect is clearly of importance
to a reliable interpretation of the spectral fine structure. In Ivin's pioneering
work in this area using methyl substituents these shift effects are particularly

2 . .
well documented; however, an analogous documentation for CF_-substituents does

3

not appear to be available. The effects of fluorine substitution are often

large and rarely easily predicted. So far we have found only two relevant sets

_7’8

of data:

C6Fl3—CH2—CH2-CH2—CH2~CH2—CHZ—CHZ—CHZ—

3.4 0.6 2.7 29.7 9.7
H-CH,-CH,-CH,-CH,-CH, -
14.4 23.4 2.7 2.2 0.5
a B8 Y é €

s 7.0 -3 -3 0.5 0.5




.-

- [‘7 -
C F,_-CH,-CH,-CH, ~-CH, -0OH
o 13 2 2 2 2
3.0 1500 331 0T
H—CH,J-CHZ-CH,.ZH\‘H:—OH
13.06 10.1 35.0 ul.g
a B Y é
& SRR | -2 «1.3
This admittedly rather Tioited daty leads to a prediction of a larse downticld

shift for re<orances of
varben resonances, and

the vinylic carbons (-2

be in the order C-2, TH:

i

carbons a to a CF.. a small upfaeld Shift tor 8 and v
3

a amell unpredictable ¢ effect. Considermins specifically

and C-3 we come to the conclusion thit the <shifrs will

C-2, TT: C-3. HH: C-4, HT which fortunately is the

same order as derived by Ivin for the methy!] substituted cases~ and mikes

qualitative comparison

of spectra possible.  This coincidence of Shift patterns

is remarkable when the usual differences in electronic ¢ffect associated with

CF.- and CH,-groups are taken into account. The TH'TT shift difference in this

3 37

case is 0.6 ppm and the HH HT splitting ix 0.63. This analysis of the vinyl

carbon resonances is consistent with an assignment of the polvmer as all trans

or all cis, since cis/'t

rans isomerization would double the number of rescnances.

However, infrared spectroscopy (Figure 1, A} allows an unambiguous assignment as

all trans. The C-H ocut

occur at ca. 730 and ca

of plane deformations for cis and trans double bonds

- -1 . :
. 970 cm  respectively, these car be useful providing

there are no interfering bonds in this region. In the i.r. spectrum of this

. . - -1 . . .
polymer there is a strong signal at 970 c¢cm and a vanishingly weak signal

'
at 730 cm ', confirming the all trans assignment.

The methylene and methine signals were distinguished with the aid of a DEPT

spectrum. In order to assign these carbons it is necessdary to censider their

pesitien relative to the triflucromethyl croup (see atovet.  The <ienal for C-3.

ad jacent to the trifluoc

romethv] group is easily ideatificd by its sultiplicity

y
{quartet _JC . 25,3 Ho). a consequence of its coupling to the (F} group.  Sien

-t

due to -1 and C-4 are

B-sh:ft for C-4. Simal

assizned as shown on the basis of an expectaed upfield

crly the methylene carbens. C-6 and C-7 arce assigned as

. . O
shown by analoey with the spectra of polvnarbornene and rhe expected small

upfield 8 <hafr of T-6.

S
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Pach of the~c Corbor ro~onmees ledoe, s C-1h 0 appars ds the stenal-,
Thos splatrins o~ atrrbase i ro head ton ! crtecrs The platrine of the U4

resonance 1s probably too seall to re<olve. the line as certainty somewhat
broadened.  The intensity of eachi <1e¢ndal an each pair 1S appronimately equal
confirming that the number of EH. KT, TH and TT junctions is equal. Tne conclu~ion
of this analyais is therefore that we have a polymer with an all trans structure
and an equal distribution of TH, TT, HH and HT assembly modes. he remaining
question relates to the distribution of m and r dyads, and this cannot be
unambiguously defined on the basis of the evidence presented above. It is

possible to write a sterecregular microstructure satisfying the data available, for

example: -

microstructure

trans-syndiotacti

L.
i
[
units from which
polymer repeat
, unit is built
+ + - -

In this stercoregular structure, i.e. all-trans-syndiotactic we have equal
concentrations of enantiomers of exo-] incorporated and equal numbers of TH, TT,
HH and HT assembly modes; but this requires an enantiomer selection by the
catalyst in the scquence ++«-- which seems a little far fetched, althouch not
impos ible.  We believe it more likely that this pelymer is all-tran- and
atactic and that m and r dvad ~tenal~ are unresolved.

The spectra of the poalyrers obtained from the endo i-omer are rather more
complicated,  However, it is clear from comparison of the spectra and chemical shatfts
tape Table ) that 0\(1: {(Fieure 1) and MoCl; (Figure 4) give polvmers with very <imilar

mivrostructures, which are very different fram the mcrostructure: obtained from ReCl - (Fieure 5)
i 3
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assigned to the rrans TH, TT. HH and BT, the tasas 01 the as-oonmen® 1S analorous

to that used in the case discussed earlier althoush the rarmartade of the qubstituent
shift effect would be expected teo be different as a result of the di{ferent
sterecchemistry, and it clearly 1s. This trans assignrent receives strone

support from the infrared spectrum of this polymer (Ficure 1, B) where o ~trong band
is seen at 975 cm ! (trans olefinic CH bendinegl and there s virtually no

-1 . . o A . . .
cm ©ovorresponding to ois olefinic CY bendine.  The HH Siona!

7

~

absorption at 73
is also resclved into two peaks, assigned to m and r dvads. The splitting can
be attributed to the RH assembly modes shown below which differ only in the

orientation of the cycliopentane ring. Normally, mr splirting of clefinic carbon

rescnances is teoo small to observe as a result of the insienificant difference in

H4r Hitr

envirenTent hetuern the tyo forma. Bowever, in the Hir dvad. the CF: substituens<
s fereed dnre close proxaoaty whereas dn the Hin o dved they are reasonably owell
sorerated srera il This must Crcate o faroe cnouelh Jifference In oenvireoamenst

Dorween the viny] cartons o the e forns te adlow then o b resolied. o

St splat iy wes chaend g the polveer dernved Srom ene sonomer and O<00

\

catalvste s w0 0t s v dent that the stercochernistry of the «ibstituent os inpoert ont.

This 1s reasenatle since for the polvmer derived trom the exo-isomer the CF
3

and vinylene units are tran- on the cvclopentane minimising strain whereas for
polyners derived frem the endo isomer they are cis.  The TH TT chemical shift

difference for C-2 is 1.31 ppm. and the HH/HT splitting for C-3 is 1.1 ppm.
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Ficure 3. ”C Nmr spectrum of polyfendo-d-trifluoromethyl-1,3-cyclopentylene-

vinylene) prepared by (sCl, initiation as a sclutien in (CDS)ZCO
at 00,56 MHz with TMS as internal refercnce.
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These signals have slightly different intensities indicating that while the
polymer is essentially atactic there may be a small measure of stereoselection;
the earlier discussion and consideration of structural formulae would lead to the
expectation of a predominance of the less strained HHm dyads but the effect,

if real, is very small. Since this endo isomer of Il with QSC13 gives a high
trans atactic polymer it seems likely that the analogous polymer from the exo
isomer (see above) is also atactic. A set of four relatively weak signals also
appear at low field, which are assigned to carbons associated with cis double
bonds. If the polymer is high trans, then the c¢is and trans double bonds may have
a random or blocky distribution. If the former is the case then the cis (c) peaks
we observe are, in fact ct peaks, which should have alglightly different chemical

shift from the cc peaks. If there is a blocky distribution, then the weak

peaks we observe should superimpose exactly on the cis signals for a high cis polymer.

In this case the weak cis signals seem to be slightly offset from the pure blocky
cis signals, indicating that they are in fact ct peaks, and that there is a random
distribution of low concentration cis double bonds. This assignment is only
tentative, and must be treated with caution since the small shifts involved could
be a result of solvent or concentration effects. The o, value calculated from the
clefinic carbons is 0.13, but this figure also has to be treated with caution
as the resolution is not particularly eood and consequently the integration not
very reliable. Infrared spectroscopy would suggest an even lower .- The high field
siznals are assigned by analogy with earlicr arcument, as shown in Ficure 3. The
fine structure observed for the signals is a result of ecither head/tail effects
and,’or the atactic nature of the polymer. The low intensity signals, correspond to
the: high intensity signals in the spectrum of a hich cis polymer, and are
therefore 1 result of carbons associated with cis double bonds.  Hence we Can
conclude that OiCl: give~ rise to a high trans atactic polymer.

The spectrum obtained from .\!m‘,lS cetalysed polymerizaticon of endo-1 (Figure
4) is very similar to that of the polymer produced by 05C13 catalysis except
the weak peaks have increased in intensity and the resolution is not quite as good.

A lack of exact superimposibility of the two spectra may be a consequence of the

requirement to use different solvents.
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Figure 4.
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13C Nmr spectrum of poly(endo-4-trifluoromethyl-1,3-cyclopentylene-
vinylene) prepared by MoCl_/Me,Sn initiation, recorded as a solution
in CDC1l, at 90.56 MH= with TMS as internal reference. a) The complete

spectrum, b) DEPT spectrum showing CH normally and EHZ inverted and
¢) DEPT spectrum showing only CH carbons.
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At low field the trans HH peak is again resolved into m and r forms. The
trans TH/TT shift difference is 1.35 ppm, and the HH'HT difference is 1.2 ppm,
consistent with values obtained from the hich trans polymer obtained from 05C13.
The relative intensity of the TH, TT, HH and HT peaks indicates that the polymer'
has an equal distribution of these assembly modes. The weak peaks at low field
are assigned to carbons associated with cis double bonds. The peaks are not well
resolved, and the cis TH peak is not observed or is hidden by a strong breadened
trans peak. The o, value calculated from the computer printout for these signals
is 0.12 which is lower than for the OsCl3 polymer from endo I and inspection of
Figures 3 and 4 and the infrared spectra, Figure 1, B and C, leads to the
conclusion that this must be an underestimate or the earlier value an overestimate.
The high field signals are assigned as for the high trans polymer, made via
CsClS catalysis. and are consistent with an atactic polymer.

Hence we can conclude that MOCIS gives rise to a high trans polymer.

The spectrum and assignments for the polymer obtained from ReClS catalysis are
shown in Figure 5. with chemical shifts recorded in Table 4. The
high intensity signals at low field correspond to the weak signals in the high
trans polvmer. and hence it is clear we have a high cis polvmer.  The peaks are assisned
to the TH., TT. HH and HT environments. Normally the TH and HT signals must

have the same intensitv., this is also true for the HH and HT

peaks. In this case. however, one of the central limbs of the CF. group

overlaps with the cis HH and HT resonances, making these signals correspendinely

more intense. Taking this intco account the TH, TT., PH and HT signals have
approximately the same intensity, indicating the polymer has an equal distribution of
these assembly modes. In the two high trans polymers derived from the endo menomer m -
environments were both present as evidenced by the splitting of the vinylic carben

in HH assembly modes, in this example we see no such splitting and this leads

to the conclusicn that this polymer has an all meso -or all racemic dyad assembly
although which particular form cannot be distinguished on the basis of the available

data. The weak signals at low field correspond to the trans olefinic signals.
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Figure S. ]30 \mr spectrum of poly{endo-4-trifluoromethyl-1,3-cyclopentylene-

vinylene) prepared by ReCl,. initiation, recorded as a solution in

(CD )200 at 90.56 MHz with TMS as internal reference. a) The complete
speétrum, b) DEPT spectrum showing CH normally and EHZ inverted and

c) DEPT spectrum showing only CH carbons.
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The 9. value calculated from these signals is 0.92. At low field the spectrum 15
very different from that of a high trans polymer. The C-3 signal still appears

at lowest field but is poorly resolved in this spectrum. The C-1 and C-J siznals
are identified with the aid of a DEPT spectrum. These signals overlap. and the
fine structure observed cannot be satisfactorily deconvoluted. The C-6 resonance
appears as a broad singlet at highest field, the broadening is probably a result
of HT/HH effects. The C-7 resonance apparently consists of 3 signals in the rativ
1:2:1, there are four possible situations for this carbon siegnal arisine from

head or tail orientation of adjacent substituents (TT HT: TT HH: HT HT: HT Hh!

o

and the observation of a triplet structure indicates coincidence of twoe environments.

The weak Intensity signals are clearly assigned to carbon associated with
tran~ doudle bonds, tut in this c¢ase the hich field signals do not provide good
evidence to confirm the axsisnment obtained from the low field siznals since
the spectrum quality 15 not eood enourh.  However, cood evidence to contfirm the
assigrment of a high cis polymer comes trom the infrared spectram of this prodat
which shows a strong cis vinylene CH out ot plane bani at 730 (m~1 and only a
very weak band for the trans vinylene units at 07Q fm_l.

Conclusions
The detailed analysis of the high ficld 13C nmr ~spectra of polymers of
5-triflusromethylbicyelol 2.2 1hept-2-ene tosether with their infrared spectra
leads to the following conclusions:-
(1) exo-3-trifluorcmethylbicyclo(2.2.1]hept-2-ene gives with 0sCl,
ring opened polvmer with trans double bonds which is preobably atactic:
(ii) endo-S5-trifluoromethylbicyclo(2.2.1)hent-2-cne gives a high trans atactic

polymer with both 0sCl, and MoCl

3 5

(iii) it is likely that endo-5-trifluoromethylbicyclo(Z.2.1Jhept-2-enc gives
an essentially stereoregular cis loC = 0.92) polymer with ReClg.
but it has not been possible to prove this unambiguously nor to

identify whether the dyads are all mesc or all racemic.




|

- 56 -

We believe that these results ralse interesting questions concerning the
factors contrelling sterecregulation in metathesis ring cpening polymerizataon.
and are encouraging in regard to the objective of preparing steveoresular

fluoropolymers.
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PAPER 4

THE RING OPENING POLYMERIZATION OF 2-TRIFLUOROMETHYLBICYCLO[2.2.1]HEPTA-

2,5-DIENE

ABSTRACT
2-Trifluoromethylbicyclo{2.2.1]lhepta-2,5-diene undergoes
metathesis ring opening polymerization under the 1nfluence of
the initiators WC16/(CH3)‘Sn, MoClg /(CHg),Sn, 08Cly, RuCly, IrCly
., and ReCls. The only product which displays evidence :ndicative
of stereoregulation is that derived from ReClg.
INTRODUCT I ON

The background and motivation for this work was set out in
the 1ntroduction to the first paper of this series(2). The
tnitial objectives being to i1nvestigate the polymerizability of
a range of fluorinated monomers with a variety of initiator
systems, and to establish the microstructure of the polymers
produced by analysis of their infra-red and nmr spectra,
particularly the high fxeld"C-nmr spectra. The variety and
complexity of microstructures possible as a consequence of
metathesi1s ring opening polymerization of polycyclic alkenes 1is
considerable(3), and in an attempt to simplify the analytical
task we started our investigation with symmetrically substituted
derivatives of bicyclo(2.2.1lhepta-2,5-diene since the use of

such systems eliminated potential complications due to exo/endo

1someri1sm and head-head,tai1l-tail, and head-tail
placements{(2,4). In this paper we describe our examination of
the polymerization of the racemic monomer
2-trifluoromethyibicyclol(2.2.1lhepta-2,5-diene (1), and a
comparison of the results obtained with those reported
previously(2) for the related symmetrical monomer,

2,3-bas(trifluoromethyl)bicyclo(2.2.1)hepta-2,5-diene (11).



- 58 -

(1)
Y
£
HOF = _ 7
S
9 S
| dWaYoS
(I)
200 Y5



- 59 -

EXPERIMENTAL

The monomer for this work was prepared and purified by the
methods described previously(5). General experimental
techniques, polymerization procedure, and equipment details have
also been documented in earlier papers in this series. Table 1
records the experimental details for the polymerizations. The
polymers were purified prior to analysis by successive
reprecipitation from acetone into methanol,and could be solvent
cast to give colourless transparent films.

Table 1. Polvmerization of 2-Trifluoromethylbicyclo[2.2.]1]hepta-2,5-diene(I)

Catalyst Co-catalyst 5 Molar ratio Solvent? 'I‘emp.b . Time Yield®
; Cat.: Co-cat.: I (ml) i (OC) é (hrs.) %
‘ |
| MoCl ¢ ! Me,Sn 1o 2 1200 C,7 RT ! 5 mins.| 50
WCI6 Me, Sn 1 2 : 200 | C, 4.6 | RT i 5 mins.| ~90
| 0sCl, None 1o 0 : 150 CE, 0.3 1 40 ! 24 25
RuCl3 None 1 0 : 150 | CE, O.lh% 40 65 5
IrCl3 CF3COOH 1 5 : 200 : CE, 1.5 5‘ 40 48 25
ReCly | None 1 : 0 :20/| co03 60 | 48 P

8 ¢ - chlorobenzene, CE-1:1 (vol. for vol.) mixture of chlorobenzene and ethanol.

b RT - room temperature, roughly 15 + 5°C. The polymerization was notably

exothermic, no monitor of temperature was placed in the reaction vessel.

€ After re-precipitation and drying under vacuum for at least 24 hrs.

RESULTS AND DISCUSSION

The first point that emerges from this study is that it 1s
possible to polymerize monomer ! with a widar range of
metathesis catalysts than monomer |l. Table 1 lists six
different catalysts based on the chlorides of W,Mo,Ru,Ir,08 and
Re all of which were successfully used to polymerize I!; by
contrast !1 was not polymerized in any of several attempts with

Ir, Os or Re based catalysts. While it is admittedly risky to



_60_
read too much into a failure to achieve reaction this
observation i1mplies that replacing one of the trifluoromethyl
groups in Il by hydrogen has the effect of increasing the
monomer's susceptibility, even though the substituents concerned
are quite remote from the double bond undergoing reaction.

The fact that the polymerization of | with metathesis
catalysts leads to the production of polymers of overall
structure 11l (scheme !) was established in an earlier study(5};
the questions at issue here are concerned with the geometry of
the vinylene units 1n the polymer chain and the details of
microstructure.

The i1nfra-red spectra of these polymers (see figure 1) are,
as expected, dominated by the intense absorptions between 1358
and 11008cm” associated with the trifluoromethyl group: although
these bands are consistent with the expected structure no
structurally useful information could be deduced from them nor
from the C-H or C:=C stretching absorptions in the 3088 and
1650cm” regions respectively. However, the absorptions
characteristic of out-of-plane vinylic C-H bending are well
resolved and can be assigned with some confidence. The band
arising from the C-H at C-3 (scheme 1 [I1) should have roughly
the same intensity relative to the absorptions due to the
trifluoromethyl groups in all the samples and the band at 868cm
satisfi1es this condition; by contrast the out-of-plane bending
modes for the vinylene C-H bonds should occur with variable
intensities dependant on the relative concentrations of cis and

trans geometries, and the bands at 970 (trans) and 728ce (cis)

satisfy this requirement. It was something of a surprise to find
that five of the six infra-red spectra of these polymers were
virtually superimposable all displaying significant absorptions
at both 9780 and 72¢ c-". the exception was the spectrum of the

polymer prepsred using ReClc 1nitiator in which the 970:;' band
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had almost vanished. Tha spectra of polymers derived via ReCl s
and MoClg/(CHg)ySn 1nitiation are shown in Figure 1 to
1llustrate the features discussed above.

The conclusion from this examination of infra-red spectra
18 that ReClg initiation gives rise to a polymer with a high cis
vinylene content, which is consistent with other polymerizations
initiated by this compound(3,6), whereas all the other
tniti1ators give significant proportions of both cis and trans
vinylenes, this last observation is something of a surprise
since erl;.RuCl,. and OsClJ have all shown a marked tendency to
give polymers with a high trans vinylene content with a variety
of related moromers{(3,6).

Examination of the YC nmr spectra confirmed the overall
conclusions drawn from the analysis of the infra-red spectra 1n
that, although there were some variations in both the gquality
(S/N) and itn the detail of resolved fine structure, the overall
appearance of the spectra was the same for all the polymers
except that prepared via ReClginitiation. The spectra recorded
for polymers obtained via OsCly and ReClg 1nitiation are
reproduced in Figures 2 and 3 respectively.

In Figure 2 the DEPT spectra distinguish the quaternary
carbons and those carrying ocne and two hydrogens and make the
assignment of resonances as shown in the figure fairly
straightforward. Thus, the resonance at lowest field (140.4ppm)
1s assigned to C-3 and 1ts broadness is taken as evidence that
1t represents the sum of signals from several non-equivalent
environments; the poorly resolved quartet centered at 135.8ppm
is assigned to C-2 with J ~-30Hz; the multiplet between 133.3
and 131.7ppm arises from the different vinylene carbon
environments., and the guartet of doublets centered at 123.2ppn

with Jq=270Hz indicates that the trifluoromethyl groups are




Figure 2.

]

.63.

o €
BN I =X
SC 5] a
4—5_- -—B__ - Fg
T Twg T
[S)s] ooy O
o
=0 Lo
I S

Il

initiator
6
CH
C

60

7

OSC|3
—HC
f

1,
120

130

-1 C_

-L C.

trans cis

\ c-8 M
U \ e’

[Tal¥e]
OO

|

'

13C-nmr spectra for
poly(2-trifluoromethyl-t,4-cyclopent-2-enylene
vinylene) prepared using OsCl3 initiation, recorded
at 90.56MHz2, (CD3)2C0 solution, TMS internal

reference.




ReCls initiator

Fiqure 3

c-5 6
C-6 =H CH= C-1 -1 C-7
C-4 C-4
tans  cis
R
Cc-2 -8
m
1 § T T T T T
140 130 120 60 S0 40
\ Mh J m CH T only
DEPTT,,

.6[‘-

O o

™
'
(8]

13C-nmr spectra for
poly(Z-erfluoromethyl-l,4—cyclopent—2—enylana
vinylene) prepared using ReCl g initiation, recorded

at 9@.56MHz, (CDs) CO solution, TMS internal

PR

reference.




v

_65_
found in at least two non-equivalent environments in this
polymer. In the higher field region of the spectrum the
resonances due to the allylic methine units are distinguished
from the methylene resonances by the DEPT spectra, and the
mulitplet between 41.8 and 42.8ppm can be confidently assigned
to allylic carbons adjacent to a cis vinylene, with that between
47 .2 and 47 .5ppm due to allylic carbons adjacent to a trans
vinylene(2}. The multiplicities of these resonancas has so far
defied detailed interpretation but demonstrates that this and
the related polymers derived from W,Mo,Ru and Ir initiation all
have both cis and trans vinylenes in the backbone. The
proportions of cis vinylene units can be calculated from the
relative intensities of the allylic carbon multiplets and the
values are recorded in Table 2, along with the analogous values
for polymers derived from I[I.

Table 2. Fraction of Cis Vinylenes {og¢) for Samples of Poly(2-trifluoromethyl-

1,4-cvclopent-2-enylene vinylene)

T
|Catalyst | 9% (calculated from allylic
carbon signals)
I I1

MoClS/MeASn 0.30 0.13
WCIG/MeASn 0.48 0.48
OsC13 0.45 no oolymer
RuCl3 0.44 0.28
IrCl3 0.46 no polymer
ReCl5 0.86 no polymer

The data presented in Table 2 indicats that the more readily
polymerized monomer | also displays a lower stereoselectivity in
polymerization with a variety of catalysts; thus, the very

active catalyst system WC15/(CH3 Sn does not appear to

»
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discriminate between [ and Il giving roughly equal proportions

of cis and trans vinylenes, whereas MoClsl(CH3)+Sn and RuClzboth
give a8 higher selectivity with Il than with I, and the Os, Ir,
and Re chlorides fail to polymerize Il at all.

The spectrum of the polymer produced via ReClg initiation
(Figure 3) was much simpler than those obtained from all the
other samples, although unfortunately the yield of this
polymerization was extremely low. The more selective ReCl
initiator gives a polymer with a high proportion of cis
vinylenes ( O: 2.86). At low field the C-8 and C-2 resonances
are easily identified with the aid of the DEPT spectrum. The C-3
vinylene carbon resonance appears at lowest field and is
considerably sharper than in the spectrum of the OsCl3 derived
polymer, indicating an increased structural homogeneity. The
carbon signals C-5 and C-6 appear as three lines in the
approximate ratio 1:2:1; the polymer has a high cis vinylene
content and these lines are provisionally assigned to the
TH,TT,HH, and HT environments, where the middle peak represents
coincidence of two environments. At high field the resonance for
the allylic carbons adjacent to cis double bonds consists of two
sets of two signals at 42.95 and 42.26ppm, and 42.70 and
42 .%4ppm. This assignment is based on the fact that the total
intensity of the C-4 resonance must equal the intensity of the
C-1 signal; the higher field signal in each pair has a lower
intensity than the low field signal. The C-7 resonance appears

as three lines in the approximate ratio 1:2:1; these signals are

assigned to the HH,HT,TH and TT effects from adjacent rings with
the middle signal again representing chemi:al shift equivalence

of two environments. It is possible that the observed resolution
of the carbon resonances could be attributed to m/r effects in

an all HHTT or all HT polymer. However, when resolution due to
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m/r effects has been observed previously(3,6) i1t was usually 1n
the HH vinylene carbon environment. it seems unlikely that m/r
resolution would be observed for all signals, and therelore it
is highly probable that this high cis polymer has an
approximately equal distribution of HH,HT,TH and TT assembly
modes and with all m or all r dyads. It 1s, however, impossible
to determine unambiguously which 13 the case on the basis of the
available data. The fact that the HH and HT signals for C-1i, and
the TT and TH signals for C-4 have slightly different
intensities suggests there may be a small degree of HHTT or HT
bias in the polymer. In those cases where unambiguous proof 1is
available(3,7) ReClg initiation of ring opening polymerization
of substituted norbornenes leads to a cis-syndiotactic
microstructure, so these observations are not inconsistent with
related literature data. It was not possible to derive any
detailed analysis of the multiplicities observed i1n the spectra
of other samples. It does appear, however, that 1n the other
samples the number of resolved lines is higher than would be
expected for highly stereoregular polymers and therefore that
these materials were probably atactic.
CONCLUS 10NS

The racemic monomer
2-trifluoromethylbicyclo(2.2.1)hepta-2,5-diene is more readily
polymerized by metathesis ring opening than its
2,3-bis(trifluoromethyl)bicyclo(2.2.1lhepta-2,5-diene analogue.
Five of the six initiator systems investigated appeared to give
largely atactic products, the sixth (ReClg) gives a polymer with
a high cis vinylene content and, although there appears to be a
mixture of head-head-tail-tail and head-tail monomer placements,
it is possible that the cis sequences have a high level of

tacticity.
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